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The meteoric rise of power conversion efficiencies of perovskite solar cells [1] [2] [3] [4] revolutionized the field of photovoltaics and also led to other promising applications of perovskites in light emitting diodes, tunable nanolasers, photodetectors and thin film transistors [5] [6] [7] [8] [9] . These developments generated a tremendous experimental and theoretical research effort ranging from the fundamental questions of the photophysics of organic-inorganic hybrid perovskites [10] to various materials issues [4] . A comprehensive understanding of the fundamental photophysics would be conducive for the better utilization of perovskites in diverse optoelectronic applications.
Ultrafast pump-probe spectroscopy of semiconducting systems [11] is a powerful tool to explore the nature of optical excitations and their relaxation pathways. In the standard pump-probe setup, the excitation pulse is followed by monitoring the evolution of the spectral response of the system via the observation of the relative changes of the probe transmittance, ∆T /T . These changes can exhibit both positive and negative values usually referred to as photoinduced bleaching (PB) and absorption (PA), respectively. The assignment and interpretation of the PB and PA bands are an essential part of the analysis that can provide input for modeling the electronic structure and the system interactions.
Pump-probe spectroscopy has been actively used in studies on perovskites [12] [13] [14] , including recent reports on the observation of the phonon bottleneck in the hot electron-hole relaxation process [15, 16] . Most of the current literature concentrates on the quantitative analysis of PB and PA features in the spectral vicinity of the fundamental band gap, which is ∼ 1.65 eV for CH 3 NH 3 PbI 3 perovskites [12, 13, [15] [16] [17] . The model fitting is then based on the generic semiconductor picture with two parabolic bands and optical transitions between them and involves the notions of band states filling, band gap renormalization, and excitonic theory [18] . A broader look at the linear optical properties of perovskites (e.g., ellipsometric studies [19] ) reveals however the presence of other absorption features suggesting the possible bearing of higher-energy electronic states on the pump-probe transients. In fact, another PB band was observed at ∼ 2.5 eV [12, 13, 20] and a short-lived PA feature at ∼ 0.8 eV discussed [14] in terms of the transitions between excitons originating from different electronic bands.
In this Letter, we report the first, to our knowledge, observation of the third (PB3) long-lived PB band at ∼ 3.1 − 3.2 eV in CH 3 NH 3 PbI 3 perovskites (see Fig. 1 ). Along with PB features at ∼ 1.65 (PB1) and 2.5 eV (PB2), this clearly indicates that a comprehensive view of the photoinduced changes of the optical properties of perovskites requires a qualitatively broader, multi-band description, beyond the picture [12, 13] with one conduction and two valence bands. As we discuss below, such a multi-band description would be consistent with the picture of the DFT-derived electronic bands [21, 22] in the vicinity of the R point of the Brillouin zone. The statefilling model suggests only a limited effect of photorefractive index changes on the spectra, advocating for the true excited state absorption contribution to the long-lived PA band between PB1 and PB2 features. Concomitant with a multi-band model is the possibility of various interband transitions that might contribute to transients.
Polycrystalline CH 3 NH 3 PbI 3 perovskite films of ∼ 60 nm thickness and ∼ 1 µm average grain size (Supplem. Info. (SI), Fig. S1 ) are synthesized using the vapor assisted solution process (VASP) [23, 24] and coated with a thin layer of PMMA to avoid degradation due to environmental moisture [25] . Time-resolved pump-probe measurements are based on an amplified Ti:Sapphire laser Wavelength (nm) system producing a fundamental beam with 100 fs pulses at 800 nm. For shorter wavelength measurements, the fundamental beam is frequency converted using an optical parametric amplifier to produce a 303 nm excitation pump, while part of the fundamental is used to generate a UV-stable white-light continuum (UV-WLC) probe in a CaF 2 crystal. Due to UV-WLC fluctuations at longer wavelengths, optical filters are used to limit the detection window to the 350-520 nm range. For longer wavelength studies, a 400 nm pump is employed by doubling the fundamental beam, along with a visible WLC probe (450-800 nm) generated in a sapphire crystal. All measurements are made at room temperature. Figure 1 displays the evolution of the broadband time-resolved differential transmission spectrum of the CH 3 NH 3 PbI 3 thin film derived with pumps at 303 nm and 400 nm. The spectrum prominently exhibits three well-defined PB features denoted as PB1 (∼ 760 nm), PB2 (∼ 480 nm) and PB3 (∼ 390 nm). Importantly, the same three PB features are observed for the lower excitation energy pump at 550 nm (SI, Fig. S2 ). Figure 2 shows details of the kinetics of the PB bands for different pumps and at different time scales. It is evident that all three PB features are long-lived and exhibit the same dynamics at long time scales independently of the pump. This suggests the similarity for their origin.
PB1 and PB2 bands have been previously observed using pump-probe and cw spectroscopy. They are commonly assigned [12, 13] to the band-filling effects on the optical transitions between the two valence bands, VB1 and VB2, and the conduction band, denoted as CB1 in Fig. 3 . These transitions are well matched with the absorption onsets in the steady-state absorption spectrum shown in Fig. 1 (black line) . The PB3 feature we observe also agrees with the existence of another, higher-energy, band seen in the linear absorption spectrum as well as by ellipsometry [19] . We therefore assign the PB3 feature to band-filling-caused bleach of these higher-energy interband optical transitions. Our observations by themselves cannot uniquely specify the nature of the electronic bands involved: Fig. 3 illustrates the two alternatives of (a) the third valence band (VB3, transitions between VB3 and CB1) or (b) the second conduction band (CB2, transitions between VB1 and CB2). DFT calculations [21, 22] indicate the presence of several bands in the vicinity of the R point of the Brillouin zone, and these alternatives are more consistent with computational results derived without or with spin orbit coupling (SOC), respectively.
The assignment involving the CB1 or VB1 band evidently agrees with the observed kinetics of the PB signatures. Indeed, Fig. 2(b) clearly shows a nearly identical rise of the PB2 and PB3 features following excitation by both higher-energy and lower-energy pumps. In the commonly discussed picture, hot carriers resulting from photoexcitation relatively quickly thermalize to the band edges of the CB1 and VB1 manifolds (SI, Fig. S3 ), and it is the population of these thermalized carriers that determines the quasi-equilibrium behavior of the PB features already at picoseconds time scales. The low excitation energy pump (550 nm, ∼ 2.25 eV) can only directly pro- . 3 . Schematics of the alternative band diagrams: (a) the three valence bands (VB1, VB2, VB3) giving rise to optically allowed transitions into the conduction band (CB1) and (b) the two valence bands (VB1, VB2) giving rise to transitions into the two conduction bands (CB1, CB2). The common long-time dynamics of the three PB features reflects the population of the photoexcited carriers relaxed to the fundamental band edge(s). The displayed approximate transition energies correspond to the PB wavelengths monitored in Fig. 2 . Also shown is the renormalization of the band edges (CBR and VBR) due to photoinduced changes in the exchange corrections to electronic energies [18] . See text for more discussion.
mote transitions between VB1 and CB1 bands, while our data shows that all three PB signatures appear on a subpicosecond scale after photoexcitation, with their relative strength comparable to that of the higher energy excitation conditions. This observation thus strongly indicates that one or both the primary conduction and valence bands (CB1 and VB1) are involved in all three PB features, independently of pump energies.
In addition to the common longer-term kinetics, Fig. 2 also illustrates the differences of the shorter-term dynamics of the PB bands when excited by different pumps. Under 303 nm excitation, the early time dynamics of PB2 and PB3 peaks shows a fast decay component (∼ 0.6−0.7 ps), while the PB1 dynamics exhibits the complementary rise. This behavior is similar to the previously observed [13] fast, ∼ 0.4 ps, initial decay of the PB2 peak after 400 nm pump excitation, which was attributed to the hot hole relaxation from VB2 to VB1. Figure 2(b) shows that such a hot-hole-relaxation effect is absent for both PB2 and PB3 peaks when the pump energy is lowered to 2.25 eV. Some pump-dependent differences are also observed for the intermediate-term (∼ 50 − 500 ps) dynamics of the PB peaks in Fig. 2(a) , due to various degrees of Auger-related carrier relaxation [26, 27] , with more data available in SI, Fig. S4 . The sub-picosecond decays observed for PB2 and PB3 early-time kinetics with 303 nm pump would thus correspond to the hot carrier relaxation towards the fundamental band edge(s).
Pump-probe transients can be discussed in terms of spectral variations of the absorption coefficient ∆α and the refraction index ∆n or in terms of variations ∆ε of the complex dielectric function ε = ε ′ + iε ′′ effected by photoexcitation of the system. These variations obey the Kramers-Kronig (KK) relations such as
where c is the speed of light [18, 28] . Whether through KK considerations or quantum-mechanical sum rules [28, 29] , it is understood that the overall absorptive strength cannot change upon photoexcitation that conserves the total number of electrons in the system while causing only spectral re-distribution:
Since the excitation results in the production of free (or weaker bound) charge carriers, the sum rules (2) encompass both the low-frequency intraband transitions and various higher-frequency interband transitions. The contribution from the Drude-like conductivity of free electrons and holes in the parabolic CB and VB can be quantified by their effective plasma frequency ω pl :
where n eh is the density of the photoexcited electrons (equal to that of holes), m r the reduced electron-hole mass and ω c limits the integration to appropriate low frequencies. For the photo-excited carriers bound in excitons, the Drude conductivity should be replaced by the intraband absorption from the excitonic levels. As Eq. (3) is manifestly positive, the sum rules (2) must be compensated by the overall negative contribution from interband transitions (see SI, Fig. S5 for an illustration of this concept). Importantly, both ∆α and ∆n can cause variations of the sample transmittance ∆T . The need to include photorefractive changes in the analysis of transients in perovskites was recently advocated in Ref. [15] , where the estimate of m r = 0.14m e obtained this way is comparable to that derived from the magneto-absorption [30] . We now stress that a "global fitting" [15] of ∆T must self-consistently, Eq. (1), include multiple PB and PA features encountered over a broad spectral range, rather than just those near the fundamental band gap. Figure 4 shows the dynamics and spectral evolution of various PA features in the broad visible region. One source for the transient photoinduced absorption (∆T < 0, ∆α > 0) commonly discussed in the perovskite literature [15, 16] is band gap renormalization (BGR), a phenomenon that is known for semiconductors [11, 18] . Schematics in Fig. 3 illustrates how BGR would result from the renormalization of the conduction (CBR) and valence (VBR) bands, which is caused by variation of the Coulomb exchange corrections due to the presence of photoexcited carriers [18] . As BGR has been used to readily explain the appearance of the short-lived ( 1 ps) PA1 slightly below the energy of the PB1 peak (at 785 nm, Fig. 1 and Fig. 4 (b) ), similar appearances are expected below the PB2 and PB3 peaks in our multi-band scheme. This is in fact what we observed, (PA2 and PA3 bands shown in light blue in Fig. 1 ) and the similarity of the short-time decay of the PA features adjacent to PB1 and PB3 peaks is evidenced in the inset of Fig. 4(a) .
Major evolution of the PA signal shown in Fig. 4(b) is seen in the 520-700 nm range. Initially this band exhibits a short-time (first several ps) red shift, similar to the spectral shift of the PB1 peak, which was assigned to the dynamic Burstein-Moss (BM) effect indicating carriers' thermalization [12] . At intermediate time ranges (∼ 50 − 200 ps) PA signal exhibits a spectrally dependent decay due to Auger facilitated relaxation [26, 27] . Finally, at times 1 ns, the decay converges to a spectrally uniform pattern, whose similarity with the decay of the PB1 peak is evident in Fig. 4(a) . This similarity at longer times suggests that the broad PA and PB1 features are related to the same thermalized species near the band edge(s).
One could try to explain the equilibrated behavior of this PA between the PB1 and PB2 peaks as a photorefractive effect [15] since, indeed, ∆n can lead to negative ∆T appearing thus like PA higher than the energy of the PB1 feature. We computed the corresponding changes in samples' transmittance that would follow from the statefilling model using the experimentally derived [19] dielectric function ε(ω) (see SI and Fig. S6 for details of the model). The illustration of the results in the inset of Fig. 4(b) clearly shows that this effect by itself is not sufficient: the relative magnitude and the spectral width of the PA experimentally observed at long times are substantially larger than the computed values. Hence, the true ∆α-related absorption need to be in place involving the equilibrated photoexcited carriers.
The multi-band pictures of Fig. 3 indicate that various interband transitions might contribute to positive ∆α in the transients, such as the near-IR transitions denoted "A" and "B" in the figure. Since, however, the transitions defining the linear absorption are definitely electricdipole allowed, the "A" and "B" transitions are expected to be electric-dipole forbidden [21, 28, 29] . A PA feature at 0.8 eV that could correspond to the "A" transition was reported [14] , but it was short-lived. This feature was actually attributed in Ref. [14] to the transition between the allowed and forbidden excitons, an alternative explanation may be that the optical selection rule is effectively lifted during the process of the hot electron-hole relaxation. We note that DFT calculations [21, 22] show the presence of several valence bands in the vicinity of the R point; it may then be possible that some of those bands would lead to the optically allowed PA, as exemplified in the sketch of Fig. 3 by the hypothetical valence band VBX. Assuming that the transition from VBX to CB1 is forbidden, and therefore not manifested in the linear absorption, transition "C" from VBX to VB1 would be allowed to contribute to the broad PA feature observed between the PB1 and PB2 peaks. The kinetics of this feature could also be affected by the dynamic redistribution of the oscillator strengths due to the state-filling and Coulomb effects.
Our experimental findings in this Letter reveal a rich structure of PB and PA features and unequivocally point to the fundamentally multi-band character of the broadband pump-probe transients in hybrid perovskites, providing thus an important input for understanding their electronic structure beyond traditional simplifying assumptions [18] of the parabolic bands and Elliott's excitonic absorption. A precise refinement of the multi-band picture, including the role of SOC, should become possible with further experimental (such as near-IR pumpprobe and charge injection) and computational studies.
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